Introduction {#sec1_1}
============

Conventional assessment for dementia includes an evaluation of several key cognitive domains: anterograde memory (learning and recall), perception of spatial relationships, naming, and processing speed \[[@B1]\]. However, commonly applied short mental state assessments, such as the Mini-Mental State Examination (MMSE) \[[@B2]\], as well as more comprehensive neuropsychological test batteries used for diagnosing dementia, primarily rely on the use of vision and/or hearing. Accordingly, individuals who have severe vision or hearing loss -- and in particular those who have combined vision and hearing losses (dual sensory loss \[DSL\] or deafblindness) -- cannot easily be assessed \[[@B3], [@B4]\]. Sometimes, adaptations of tests and/or applications of vision and hearing aids provide satisfying solutions, but it is not always the case. The objective of this study therefore has been to develop and evaluate a number of tactile tests for cognitive assessment in individuals with DSL.

Prevalence studies of DSL estimate a rate close to zero for populations below 65 years of age, increasing to around 30% in populations above 80 years of age \[[@B5], [@B6], [@B7], [@B8], [@B9]\]. The main causes of DSL are age-related, including for vision loss: diabetic retinopathy, cataract, macular degeneration, and glaucoma \[[@B10]\], and for hearing loss: presbyacusis (age-related sensorineural hearing loss) \[[@B11]\]. No generally accepted definition or objective criteria for DSL exist in research or clinical practice \[[@B12]\]. Functional definitions are often applied, in which the degree of impact of vision and hearing loss on the individual\'s activities of daily living is evaluated \[[@B12]\]. Accordingly, DSL is diagnosed when combined hearing and vision losses cause significant limitations in independent living due to restricted mobility, access to information, communication, and social interaction. Functional definitions of DSL therefore do not imply that the individual is totally deaf and blind; in most cases, residual hearing and/or vision are present \[[@B4], [@B13]\].

Another health problem afflicting the elderly population in particular is dementia. Dementia includes a number of neurological diseases which cause cognitive, emotional, and motivational symptoms \[[@B1]\]. Alzheimer disease and vascular brain pathology are the major etiological causes of dementia \[[@B14]\]. According to a recent review \[[@B15]\], the prevalence of dementia in the age group 65--69 is between 1 and 2%. However, prevalence rates nearly double with each 5-year increment in age, reaching about 12% at age 80--84 and well above 25% in the age group 90+ \[[@B16], [@B17]\]. Similarly to age-related sensory loss, dementia is most often progressive.

Comorbidity of DSL and dementia is to be expected. If the risks of DSL and dementia were independent, then a prevalence rate of 27% for DSL \[[@B8]\] and 12% for dementia \[[@B17]\] would yield a prevalence of comorbidity of 3.2% for the 80-year-old group. However, studies have reported an elevated risk of cognitive decline among individuals with DSL. In a cohort study by Lin et al. \[[@B18]\] 6,112 women aged 69 and older participated. Vision and hearing loss was measured, and the participants completed a modified version of the MMSE. Of the sample, 15.7% showed symptoms of cognitive decline. After adjustment for sociodemographic characteristics and chronic conditions, the odds for reduced cognitive function were 2.19 times higher for women with DSL than for women without sensory loss. Overall, 2 hypotheses for a higher prevalence of comorbidity of DSL and dementia have been discussed in the literature \[[@B1], [@B19]\]. The first is that shared pathological processes (e.g., some age-related neurological disorders) affect hearing and vision as well as cognitive functioning. The second is that dual sensory deprivation afflicts cognitive functions either due to the restricted sensory input or increased levels of stress \[[@B4], [@B19], [@B20], [@B21]\].

Dementia as well as (dual) sensory loss requires early and correct assessment as a prerequisite for adequate treatment. However, clinical symptoms of dementia may be difficult to distinguish from symptoms of DSL, and erroneous (false positive as well as false negative) diagnoses of dementia and of sensory loss are probably quite common \[[@B4]\]. Symptoms such as communication difficulties, social withdrawal and isolation, as well as emotional changes are common in both conditions. For instance, an individual with dementia, who might not remember what he/she was recently told, or who does not recognize his/her visitors, may mistakenly be considered to be auditorily or visually impaired. By contrast, a person with DSL, who has a restricted ability to access information and to participate in social interaction, may erroneously be suspected to be in cognitive decline.

In most cognitive psychological tests, the patient has to follow spoken and written instructions and commands, for example repeat numbers, perceive visual figures, and copy patterns. Experimental studies have shown that performance in cognitive tests is highly sensitive to restrictions in sensory input. Even a relatively small decline in visual acuity artificially induced by goggles that imitate cataracts, or by applying low-contrast stimuli, has been shown to have a negative effect on the accuracy and speed of cognitive test performance in older adults \[[@B22], [@B23], [@B24]\]. In the auditory modality, negative effects of background noise during stimulus presentation on short-term memory performance have also been demonstrated \[[@B25]\].

Although shortcomings regarding the use of standard tests among individuals with DSL are recognized in the literature (for a review, see Hill-Briggs et al. \[[@B26]\] and Valentijn et al. \[[@B19]\]), few successful attempts to validate existing tests, or to develop new ones, for individuals with sensory loss have been published. Wittich et al. \[[@B27]\] evaluated the sensitivity and specificity of a version of the Montreal Cognitive Assessment (MoCA) \[[@B28]\] in which 5 visual items were omitted. In parallel, Lin et al. \[[@B29]\] published another version of the MoCA for individuals with severe hearing loss. In this version (HI-MoCA), spoken instructions were converted into written instructions while other items were modified. Though alternative assessment procedures thus have been suggested for individuals with uni-modal sensory loss, to our knowledge assessment procedures for elderly persons with DSL have never been published.

Study Aim {#sec2_1}
---------

No adequate tools for neuropsychological assessment of dementia in individuals with functional DSL exist. One way to circumvent this obstacle might be to develop cognitive tests based on the tactile modality. Accordingly, the aim of this study was to transform a number of traditional visual- and auditory-based tests of dementia into the tactual modality and to evaluate their validity by applying them to 3 groups: (1) individuals with dementia and no vision loss or hearing loss, (2) individuals with DSL and no dementia, and (3) individuals with neither DSL nor dementia (controls).

Methods {#sec1_2}
=======

Participants {#sec2_2}
------------

### Participants with DSL {#sec3_1}

Twenty individuals (4 men), who fulfilled the criteria for having DSL based on the functional Nordic Definition of Deafblindness \[[@B30]\] volunteered to participate in the study. The participants were recruited through the Danish national provider of counselling services for individuals with acquired DSL. Participants were between 63 and 92 years of age (mean = 81.5 years; SD = 8.3), and their mean years of completed education was 10.7 (SD = 2.4, range 8--16). Etiologies of hearing loss were presbyacusis (*n* = 12), noise exposure (*n* = 5), genetic (other than Usher syndrome) (*n* = 4), Usher syndrome type 2 (*n* = 1), infection (*n* = 1), stroke (*n* = 1), and unspecified (*n* = 1). Etiologies of visual loss were reported to be age-related macula degeneration (*n* = 10), diabetic retinopathy (*n* = 3), glaucoma (*n* = 3), cataract (*n* = 2), stroke (*n* = 2), retinitis pigmentosa (*n* = 1), Usher syndrome type 2 (*n* = 1), genetic (other than Usher syndrome) (*n* = 1), and unspecified (*n* = 2). (Note, multiple etiologies of vision and hearing loss were present.) All of the participants had acquired DSL and had, prior to the onset of DSL, developed and used spoken language. None of the participants with DSL were suspected of, or diagnosed with, dementia or reported tactile sensation problems. For characteristics of the participants, see Table [1](#T1){ref-type="table"}.

### Participants with Dementia {#sec3_2}

Twenty patients (7 men) recruited from the Dementia and Memory Clinic at Glostrup Hospital, Denmark, volunteered. All 20 were diagnosed with dementia based on the ICD-10 criteria after a thorough diagnostic assessment which included a clinical examination, MMSE, laboratory tests, and a CT scan of the brain. Sixteen of the patients were considered to suffer from Alzheimer disease and 4 from mixed Alzheimer\'s and vascular dementia. None of the participants reported having any functional loss of vision or hearing or tactile sensation problems. Mean age was 79.7 years (SD *=* 5.5, range 71--88) and mean years of education 10.2 (SD = 2.4, range 8--17). See Table [1](#T1){ref-type="table"} for details.

### Controls {#sec3_3}

Twenty controls (8 men) were recruited among relatives to the participants with DSL and consultants. Mean age of the controls was 77.6 years (SD *=* 6.5, range 69--96) and mean age of education 11.0 (SD *=* 3.0, range 8--16). All controls reported having no functional vision or hearing loss, tactile sensation problems, or symptoms of cognitive decline.

No significant differences were present between the 3 groups with regard to age, gender, and years of education (*p* \> 0.05) as shown in Table [1](#T1){ref-type="table"}.

Procedure {#sec2_3}
---------

All participants completed the Tactile Test Battery (TTB), and participants with dementia and controls also completed the MMSE (see descriptions below). The participants with DSL were examined by consultants from the national deafblind service, who had been trained in administering the TTB and the MMSE and who had expertise in communication with individuals with DSL by use of different communication modalities. Thus, test instructions were given in tactile sign language, spoken language, by use of written texts or other communicative means. All participants with dementia were examined by the first author and all controls by the deafblind consultants.

All participants were carefully informed about the purpose of the study and gave their consent to voluntarily participating. A prepared record sheet, also including clear instructions and scoring criteria for the test administrator, was used to register performance in the TTB tests.

Tests {#sec2_4}
-----

### Mini-Mental State Examination {#sec3_4}

The MMSE \[[@B2], [@B31]\] is a widely used screening measure of cognitive impairment in suspected dementia. It consists of 30 items and takes 5--10 min to complete. It includes items on orientation, registration, attention and calculation, recall, language, visual construction, and the ability to follow simple commands. Validity and reliability of the MMSE for diagnosing and staging dementia have been found to be good (for review see Tombaugh and McIntyre \[[@B32]\]). The MMSE has a maximum score of 30 and a minimum score of 0. A score equal to or greater than 24 is taken to indicate no cognitive impairment, whereas a score 19--23 indicates mild, 10--18 moderate and below 10 severe cognitive impairment \[[@B33]\].

### Tactile Test Battery {#sec3_5}

In order to cover relevant cognitive domains for dementia assessment (e.g., Hodges \[[@B34]\]), the following tactually based tests were developed. All subtests were performed with the dominant hand in a solid box of 32 × 32 × 22 cm (Fig. [1](#F1){ref-type="fig"}). One side of the box, which turned towards the examinee, had an opening covered by a curtain, which made visual inspection of the stimulus material impossible for the participant. From the opposite position, the examiner was able to manipulate the test material and to guide the participant\'s hand. Thus, all participants, whether they had no vision loss, residual vision, or were blind, had to rely exclusively on the use of the tactile modality.

*Spatial Memory Test.* Lhermitte and Signoret \[[@B35]\] originally described a learning and memory task based on a cardboard frame divided into 9 equal squares (3 × 3). The subject had to learn and remember where to place 9 stimulus cards depicting 9 common objects (e.g., chair, drum, kitten). Each card had its specific location in one of the 9 squares. The test has been shown to be sensitive to severe amnesia \[[@B36]\]. For the present study, the cardboard was substituted by a wooden "type case" with 9 equally sized spaces. Instead of stimulus cards, 9 concrete objects (e.g., a cork, safety pin, coin) were used. After presentation of where to place each object (one by one and in random order) by guiding the subject\'s hand, the subject was asked to remember the correct location of all objects by replacing them. Erroneous placements were immediately corrected, in that the examiner guided the hand (and object) to the correct position. Three learning trials were completed, giving a maximum learning score of 27. After performing the other tactile tests in the TTB, a delayed recall test was completed by asking the subject to place the 9 objects in their correct positions from memory. The maximum score in the recall test was 9.

*Tactile Form Board Test.* Halstead \[[@B37]\] included a tactual performance test in his comprehensive neuropsychological test battery. Studies have shown that performance decreases with high age as well as in populations with neurological disorders \[[@B38]\]. For the present study, a board with 8 wooden blocks (circle, square, triangle, etc.), each fitting into corresponding cutout holes, was constructed. Two trials were given, both being performed with the dominant hand. Total time (in seconds) for completion of the 2 trials constituted the score.

*Clock Reading Test.* Reading a visually presented clock face involves visuospatial per ception involving the determination of the relative length of the 2 pointers as well as their angle and their relationship to outer space (up, down, left, right). Additionally, the percept has to be translated into a semantic concept (time). Visual clock reading impairment is observed in patients with Alzheimer disease, mixed Alzheimer/vascular dementia and in Lewy Body dementia \[[@B39]\]. In the present study, the participants, after having been demonstrated the circular form and the top of the clock face (*D* = 25 cm), had to examine the position of the 2 pointers by touch and verbally report the correct time. Correct readings of 12 different settings (a deviation of up to 5 min for the long pointer and 1 h for the short pointer were accepted) resulted in a maximum score of 24.

*Naming Tests.* Naming ability, activation of the correct verbal substantive in response to a perceived object or body part, is often compromised in individuals with dementia \[[@B34]\], and naming tasks are included in most screening tests for dementia (e.g., the MMSE and The Boston Naming Test \[[@B40]\]). Three different naming conditions were tested in this study.

Object naming: Following the completion of the Spatial Memory Test (see description above), the participant had to name by touch each of the 9 objects.

Shape naming: The 8 shapes from the Form board test (see description above) had to be named by the use of touch.

Finger naming \[[@B41]\]: The participant (with fingers spread and palm down) had to name which finger was briefly touched by the examiner. All 10 fingers were touched in a predefined order and correct naming of all fingers gave a maximum score of 10. A total score (maximum 27) of the 3 tactile naming tests was calculated (object naming maximum score 9, shapes naming 8, and finger naming 10).

Statistical Procedure {#sec2_5}
---------------------

Mean level differences were compared for the TTB and MMSE scores between the 3 groups by use of Mann-Whitney U statistics. Further, Spearman\'s rho correlation coefficients were calculated between TTB summary *Z*-scores (derived from the mean and SD of the controls) and MMSE raw scores for the participants with dementia and controls. Also, specificity and sensitivity of the TTB compared to the MMSE were calculated in order to suggest an optimal cut-off of the TTB.

Results {#sec1_3}
=======

All participants across the 3 groups were able to understand, and comply with, the instructions for the TTB. The entire test session for the TTB lasted for about 30 min.

Mini-Mental State Examination {#sec2_6}
-----------------------------

On the MMSE, participants with dementia obtained a mean score of 18.1 (range 9--24), which was significantly below the controls (mean = 29.0, range 24--30) (*t* = 11.54, df = 38, *p* \< 0.001) (Table [2](#T2){ref-type="table"}).

Tactile Tests Battery {#sec2_7}
---------------------

### Spatial Learning {#sec3_6}

The controls obtained a mean score of 13.2 correct placements in the Spatial Learning Test. The participants with DSL obtained a mean score of 11.5, which was not significantly different from the controls. In contrast, the participants with dementia performed at a significantly lower level (mean = 3.9) than the controls (U = 7.00, *p* \< 0.001) as well as the participants with DSL (U = 30.00, *p* \< 0.001), respectively.

### Spatial Recall {#sec3_7}

For the controls, a mean of 5.7 correct placements of the 9 objects was recorded on the delayed recall test. The participants with DSL obtained a mean score of 4.9, which was not significantly different from the controls. The participants with dementia had a significantly lower mean score (mean = 1.3) than the controls (U = 11.00, *p* \< 0.001) as well as the participants with DSL (U = 31.50, *p* \< 0.001).

### Tactile Form Board {#sec3_8}

On average, the controls spent 397 s (sum of 2 trials) to place the 8 blocks in the corresponding cutouts. This compares to 449 s for the participants with DSL (not significant) and 513 for the participants with dementia (significant) (U = 80.50, *p* = 0.001). The difference between scores for the participants with DSL and dementia was not significant.

### Clock Reading {#sec3_9}

For the controls, a mean score of 20.3 was recorded. This compares to a mean score of 20.7 for participants with DSL (not significant) and 13.2 for the participants with dementia (significant) (U = 84.00, *p* = 0.001). Also, the score of the participants with DSL was significantly better than the participants with dementia (U = 75.00, *p* = 0.002).

### Naming {#sec3_10}

A mean of 25.2 correct names was obtained for the controls. The participants with DSL obtained a mean score of 25.0, which was not significantly different to the controls. A mean score of 21.7 was obtained for the participants with dementia, which was significantly lower compared to controls (U = 78.50, *p* = 0.001) as well as participants with DSL (U = 84.00, *p* = 0.001).

Correlation between MMSE and TTB {#sec2_8}
--------------------------------

As shown in Figure [2](#F2){ref-type="fig"}, the MMSE raw scores and the TTB summary *Z*-scores correlated significantly (Spearman\'s rho = 0.83, *p* \< 0.001, *n* = 40) for the combined participants with dementia and controls. The correlation between MMSE scores and TTB *Z*-scores was also significant for participants with dementia (Spearman\'s rho = 0.63, *p* \< 0.001, *n* = 20). A sensitivity of 86% and a specificity of 89% were found (Table [3](#T3){ref-type="table"}) for the TTB with a cut-off of −3.0 and using a cut-off of 24 on the MMSE as the dementia criterion.

Discussion {#sec1_4}
==========

The purpose of the present study was to develop and evaluate a number of tactile cognitive tests for dementia screening which could be applied in individuals with DSL. The tactile tests included learning, memory, naming, spatial perception, and processing speed -- all cognitive domains that deteriorate in dementia. Four out of 5 measures were able to differentiate successfully between participants with dementia and participants with DSL and controls, respectively. Further, a high correlation between MMSE scores and TTB summary *Z*-scores and an acceptable sensitivity and specificity of the TTB were found. Altogether, the findings from this validity study of the TTB are promising and indicate that cognitive abilities might be assessed by the use of tactile-based tests. However, further studies in different and larger samples are needed, including individuals with both DSL and dementia. This includes studies on different subgroups of individuals with DSL with various degrees and durations of vision and hearing losses. Prospective studies are also needed to further evaluate the validity of the TTB and other kinds of tactile cognitive tests. Furthermore, different kinds of test procedures need to be developed and applied in order to evaluate possible associations between sensory loss and cognitive functions and if reported findings of a higher level of cognitive decline among persons with DSL (e.g., Lin et al. \[[@B18]\] and for a review Fulton et al., \[[@B20]\] and meta-analysis Zheng et al., \[[@B42]\]) might be due to the application of invalid investigational procedures. Finally, one limitation of this study should be noticed. No objective test of vision and hearing loss or tactile sensation of the participants was used, but only self-report and functional evaluation.

The psychological assessment of individuals with DSL is acknowledged to be a major challenge. Surprisingly, however, little attention has been paid to the possibility of applying tactually based test procedures. The risk of dementia, as well as sensory loss, is highly age related. A considerable increase in the number of elderly citizens is to be anticipated in the years to come in many developed countries \[[@B43]\]. These demographic facts underline the need for further research in assessment, diagnosis, and support in order to provide optimal treatment and health care for individuals suffering from dementia and DSL. This study\'s findings suggest that that presence of severe hearing and vision losses need not be an obstacle for a detailed and reliable examination of cognitive functions in persons suspected of having dementia.
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###### 

Demographic characteristics of the study groups: individuals with dual sensory loss, dementia, and controls

  Variable           Dual sensory loss (*n* = 20)   Dementia (*n* = 20)   Controls (*n* = 20)   Dual sensory loss vs. controls, *p*   Dementia vs. controls, *p*   Dual sensory loss vs. dementia, *p*
  ------------------ ------------------------------ --------------------- --------------------- ------------------------------------- ---------------------------- -------------------------------------
  Age, years         81.5±8.3                       79.7±5.5              77.6±6.5              ns                                    ns                           ns
  Education, years   10.7±2.4                       10.2±2.4              11.0±3.0              ns                                    ns                           ns
  Males/females      4/16                           7/13                  8/12                  ns                                    ns                           ns

Data are presented as mean ± SD or n. p \> 0.05 (two tailed) was considered not significant (ns).

###### 

Mean test scores for the MMSE and the 5 tests in the Tactile Test Battery of the 3 groups: participants with dual sensory loss, dementia, and controls

  Test                                  Dual sensory loss (*n* = 20)   Dementia (*n* = 20)   Controls (*n* = 20)   Dual sensory loss vs. controls, *p*   Dementia vs. controls, *p*   Dual sensory loss vs. dementia, *p*
  ------------------------------------- ------------------------------ --------------------- --------------------- ------------------------------------- ---------------------------- -------------------------------------
  Tactile Test Battery                                                                                                                                                                
   Spatial learning                     11.5±5.6                       3.9±2.0               13.2±5.0              ns                                    \<0.001                      \<0.001
   Spatial recall                       4.9±2.3                        1.3±1.0               5.7±2.1               ns                                    \<0.001                      \<0.001
   Tactile form board (total time), s   449±168                        513±116               397±200               ns                                    0.001                        ns
   Clock reading test                   20.7±3.4                       13.2±7.1              20.3±3.4              ns                                    0.002                        0.001
   Naming tests                         25.0±1.4                       21.7±4.4              25.2±1.5              ns                                    0.001                        0.001
  MMSE                                  --                             18.1±3.59 (9--24)     29.0±1.96 (24--30)    --                                    \<0.001                      --

Data are presented as mean ± SD (range). *p* \> 0.05 (two tailed) was considered not significant (ns).

###### 

Specificity and sensitivity of the Tactile Test Battery (TTB) (cut-off −3.0) for participants with dementia and controls

                      No dementia (MMSE)   Dementia (MMSE)      Total
  ------------------- -------------------- -------------------- -------
  No dementia (TTB)   17 (true negative)   3 (false positive)   20
  Dementia (TTB)      2 (false negative)   18 (true negative)   20
                                                                
  Total               19                   21                   40
